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High resolution primary and secondary Ka x-ray spectra of Si are investigated with the purpose of 
elucidating the mechanisms of shake-off and direct collisions in KL-ionization of the atoms. 
Slowing down of the electrons in the thick target is taken into account by introducing an effective 
electron energy. Control measurements are carried out for a number of elements in thick targets. 
The incident-electron energy dependence of the probability for L-shell ionization involving the 
formation of vacancies in the K-shell differs significantly from the dependence for K-shell 
ionization during0 --decay. It is shown that the parameter which determines the probability for 
two-electron KL-ionization is the energy transmitted to the atom by the incident particle. For 
moderate energies the main role in all cases of ionization is played by the shake-off mechanism. 

The absorption of a photon or by electron impact can result 
in multi-electron ionization of an atom. If the electrons, 
ejected from the atom, belong to different shells, then for the 
description of the process of multi-electron ionization the 
models of shake-off (SO) and direct collisions (DC),'-a first 
introduced by Migdal and Feinberg for the calculation of the 
ionization probability of the atom by a and f l - d e ~ a ~ , ~ - "  are 
usually used. 

The processes of ionization of the atom by P --decay 
and by two-electron ionization have much in common. 
Thus, for the electrons, for example of the L-shell, both in 
P --decay, and in ionization of the K-shell, the self-consis- 
tent field changes (SO ionization mechanism), and either a 
0 --particle or an electron is scattered, leaving the K-shell 
(DC ionization mechanism). 

An estimate of the contributions of the SO and DC 
mechanisms in the ionization process of the K-shell of an 
atom during 0 --decay, carried out for various elements, 
yields results differing by several orders of magnitude.',-l6 
This is connected with the essentially different limiting ener- 
gies of the 0 --particles. The role of the SO and DC mecha- 
nisms in two-electron KL-ionization process is not clear. 
Thus, in Ref. 5 the probability PL for vacancy formation in 
the L-shell was calculated for the inert gases without consid- 
ering DC. At the same time, the experimental investigation 
of the probability P, for KL-ionization was basically con- 
ducted for electron excitation, that the direct 
collision mechanism plays a vital role. 

In comparison with the analysis of the L-shell ioniza- 
tion by --decay, the study of the two-electron KL-ioniza- 
tion of an atom has the advantage that for a single element 
the energy Eo of the incoming particles can be varied. In this 
connection it appears possible in principle to estimate the 
contribution of PL (SO) and PL (DC) to the probability P, 
for various energies Eo, since these partial probabilities de- 
pend differently on Eo. The present work is aimed at carry- 
ing out this idea. 

EXPERIMENTAL RESULTS 

The probability P, of two-electron KL-ionization of an 
atom relative to one-electron K-ionization may be deter- 

mined experimentally4 by measuring the relative intensity of 
the K a 3 ,  x-ray lines: x = I(a3,, )/I(a,,, ), since they are 
emitted by the radioactive decay of atomic states with vacan- 
cies in the K- and L-shells, while the K,,,, lines are associat- 
ed with a vacancy in the K-shell. 

The x-ray fluorescent Ka - spectra of (Si) were obtained 
with a DRS-2 spectrograph in monochromatic and poly- 
chromatic excitation. The method of obtaining and process- 
ing the experimental data is analogous to that described ear- 
lier.17 The object of the analysis (Si) was chosen with a view 
to the necessity for obtaining spectra of the highest resolu- 
tion, as large a range of the ratio fio/EKL as possible (where 
fio is the energy of the excited photon and EKL-KL is the 
ionization threshold), and good K,,,, line intensity. 

The conditions under which the experimental points 
shown in Fig. 1, (open circles) were obtained are as follows: 
With a ZR anode, the voltage in the tube was 16 kV; with N6, 
17 kV; with Mo, 17 kV; with Pd, 23 kV with Ti, 23 kV, with 
Cr, 23 kV; with Cu, 23 kV; with Cu, 23 kV and monochro- 
matic K,,,, radiation; with Pd, 35 kV and mochromatic 
K,,,, radiation. The corresponding points in Fig. 1 are dis- 
tributed from left to right. 

The primary x-ray spectra of Si was found using the 
rebuilt EMMA-2 device.' The acceleration voltage varied 
over the range 3-100 kV. The slowing-down of the electrons 
in a thick target was taken into account by introducing an 
effective electron energy E,, (see the Appendix). Correc- 
tions were made to the experimental values of x ,  obtained as 
the ratio of the areas under the contours of the lines K,,,, 
and K,,,, . By this means it was determined that the excita- 
tion of the two- and one-vacancy state of an atom was 
brought about by electrons with various effective energies. 
The corrected values of x are shown in Fig. 1 (filled circles). 

In Fig. 2 experimental values are shown (in units of 
x,,, ), derived from both thick and thin Ti and Cr targets. 
The merging of the experimental points to form a smooth 
curve justifies introducting E,, in order to calculate the in- 
fluence of the electron slowing-down and the corrections in 
the experimental results obtained from thick targets. 

The values of P, for Si, shown in Fig. 1, are derived 
from the formula4 
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FIG. 1. Relative intensity of the K,,, satellites of Si versus the energy of 
the incident electrons (@) and photons (0). The solid curve represents 
calculation in Ref. 19. See the text concerning E.,, P,, and a,, and the 
broken lines. 

where B = 0.045 is the ratio of the natural widths of the L ; 
and K-levels, the values of which are obtained from Ref. 18. 

DISCUSSION 

In analogy with the ionization of an atom by P --decay, 
the application of the SO approximation to describe the pro- 

FIG. 2. Relative intensity of the K,,, satellites of Ti and Cr versus the 
energy of the incident electrons (Ti: %thin target; 0-thick target; Cr: 
A-thin target, A-thick target) and photons (Ti--0, C r - 4 ) .  

cess of two-electron KL-ionization in photoabsorption and 
electron impact is based on the possibility of dividing the 
ionization process into two stages: fast (ejection of a K-elec- 
tron) and slow (shake-off of the L-electron) I n P  --decay 
the ratio PL (DC)/PL (SO), like PL,  is determined by the 
energy of theP --particle, in photoionization and electron- 
impact ionization, by the energy E of the electron exiting 
from the K-shell. 

It is important that PL (SO) and PL (DC) depend in 
different ways on E. In accordance with the calculation for 
the two-electron KL-photoionization,19 the probability 
PL (SO) abruptly increases in the threshold region and sub- 
sequently remains constant as a function of E (Fig. 1, solid 
line). At the same time PL (DC), like the dependence of the 
ionization cross section of the inner shell of the atom on the 
energy of the incident electron, is a curve with a maximum at 
E=: 3EL .20 It thus follows, that it makes sense to speak of an 
essential role of direct encounters in the process of two-elec- 
tron KL-ionization for large E, only when the probability 
PL is observed experimentally to decrease as E increases. 

The photoionization data are the easiest to interpret. 
This is a consequence of the fact that in the absorption of 
monochromatic radiation the energy Ezf iw - EK and the 
parameter a, = E /EL, determining P, and PL (DC)/ 
PL (SO), are exactly known and are identical for each ioni- 
zation event. As follows from Fig. 1, near the threshold, the 
probability PL quickly increases as a function of energy of 
the absorbed photons and beginning even at f i w z  l.5EKL, 
which corresponds to a, = 8, becomes constant. The result 
agrees qualitatively with a calculation carried out in the SO 
appro~imation.'~ Similar results are also obtained for Ti and 
Cr (see Fig. 2), but for a narrower interval of a, and with 
less reliable values of the relative intensity x .  

Since in the region a, > 8 (see Fig. 1 ) the probability P, 
does not decrease as a function of E, it is possible to conclude 
that PL (SO) %- PL (DC) . More precisely, the experiment 
shows that the ratio PL (DC)/PL does not exceed the rela- 
tive error of the experiment(lO%) in the determination of 
PL. Consequently, PL (DC)/PL for a, = 8 (the basis ofthe 
region PL zconst) is at most 0.1, and must still be even 
smaller for a, > 8. In the region 4 <a, < 8 the change of P, 
is produced mainly by the SO mechanism, since as a, in- 
creases the probability PL (SO) also increases, while 
PL (DC), on the contrary, decreases. Note, that for a, < 4  
estimating the ratio PL (DC)/PL (SO) from the experimen- 
tal dependence of PL (a, ) becomes more difficult, since as 
a, increases both partial probabilities increase. In addition, 
it should be remembered that near the threshold, the SO and 
DC mechanisms are not independent, i.e., the interference 
term may be comparable with PL (SO) and PL (DC), as in 
the case of the ionization associated with 0 --decay."-l4 

Since there is a profound analogy among the processes 
of two-electron KL-photoionization and ionization in f i  -- 
decay, it is reasonable to expect that the dependence of the 
probability for ionization of the inner shell on the energy of 
theP --particles is similiar to PL (a, ). However, in attempt- 
ing to confirm this assumption we encounter two difficulties. 
First of all, for each isotope the measured values of P, and 
PL correspond, as a rule, to a single P --particle limiting 
energy. In the second place, theP --particles energies have a 
probability distribution. 

To overcome the first of these problems we noted that in 
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the case Eg + w , the probabilities PK (DC) and PL (DC) go 
to zero, and PK (SO) and PL (SO) are well calculated and 
may serve as scale values. As far as the probability distribu- 
tion of thep  --particle energy is concerned, it may be disre- 
garded, since the error of the results increases greatly only in 
the range of small energies. As a parameter, determining the 
ionization probability of the inner shell we can use the quan- 
tity aD (the ratio of the limiting energy of thep --particle to 
the binding energy of the electron of the corresponding 
shell) .9-14 Thus, it is possible to assume, that the normalized 
experimental results of the ionization probability of the in- 
ner shell by 0 --decay for various isotopes are described by 
some universal curve. 

Experimental and theoretical values of the probability 
PK for0 --decay ionization of the K-shell, which are known 
for many isotopes, 12-'6321 are conveniently represented in the 
form of the dependence P gP/P jKheor = f(ag ) . In the present 
case the parameter aB = EB/EK determines both PK and 
PK (DC)/PK (SO). For each isotope, PgP corresponds to 
some ED, while the probability P',h""', calculated in the sud- 
den appro~imat ion ,~~ corresponds to Eg - CO. Thus, Fig. 3 
actually shows the dependence of P, (aD ) for some imagi- 
nary isotopes with varying fl --particle energy limits. It is 
clear that ppP/P? increases in the interval 1 < ag < 20 as 
a function of ag , but subsequently remains constant right up 
to aD =: 800. 

The experimental data for L-shell ionization by 0 -- 
decay,23 which are in fact relatively sparse, give rise to the 
same dependence of P yP/P on the parameter up = ED/ 
EL .  Based on this it may be deduced that the ionization of 
the L-shell, and also the K-shell by P --decay in the region 
aB > 20 is essentially accounted for by the SO mechanism. 

Note, that in linking as with the energy limit of thep - -  
particle, we raise the value of the parameter, determining the 
complete and partial probabilities for the ionization of an 
atom. This evidently explains the slower increase of PK and 

FIG. 3. Probability of ionization of the K-shell versus ED, the extreme 
energy of the f i  --particles. The experimental values P, are normalized 
with respect to the theoretical values22, ED is normalized with respect to 
electron binding energy of the K-shell of the element Z + 1. 

PL with aD (see Fig. 3) in comparison with the increase of 
PL as a function of a, (see Fig. 1 ) . 

The most difficult data from the point of view of inter- 
pretation are those obtained by electron impact. In this case, 
in contrast to p --decay ionization and two-electron pho- 
toionization, the final state has an ion and three, not two 
electrons, with a continuous energy spectrum. The energy of 
one of them (ejected from the L-shell) is close to zero,19 the 
distribution of the energy between the scattered electron and 
that knocked out from the K-shell is unknown. Consequent- 
ly, the energy E, transmitted to the atom by electron impact 
is also unknown. 

The decrease of x (and PL ) , observed experimentally as 
the incoming electron energy E,, increases in the range 
E, > 3EKL (see Figs. 1 and 2) ,  is commonly connected with 
the contribution of the DC mechanism. The expression for 
the ratio of the cross sections two- and one-electron ioniza- 
tion by electron impact serves as the basis for this3: 

Here a = const is identified with the contribution of SO, and 
b(lnE,) ' with that of DC. In recent the decrease in 
the relative intensity of the hypersatellite I ( K  E. )/I(K,,,,, ) 

with increasing E, was accounted for in a similar manner. 
However, in the two-level approximation to the KL- 

ionization, in which the SO and DC channels are indepen- 
dent, the terms in the binomial (2)  signify PL (SO) and 
P, (DC) only, if in place of E,, E( the average energy of the 
electron leaving the K-shell) is used. Therefore, the interpre- 
tation of the decrease of PL as a function of E, as an occur- 
rence of the mechansim of DC3.',' is essentially based on two 
assumptions: a )  E also increases with E,,; b)  the contribution 
of PL (DC) to PL is so large, that it gives rise to the maxi- 
mum in the experimental curves of P, (E,,) . 

If we now take into account, that when atoms interact 
with fast electrons the problem of the double KL-ionization 
by electron impact becomes analogous to the problem of 
photoionization, then it appears that assumptions a )  and b) 
does not agree with our experimental data for photoioniza- 
tion (see Fig. 1 ). Actually, although as the frequency of the 
absorbed radiation increases as a function of the energy of 
the electron exiting from the K-shell, but no decrease in P, is 
observed, in contrast to KL-ionization by electron impact. 
All this permits us to conclude that the interpretation of the 
decrease in PL in the range E,> 3EK, as a decrease in 
PL (DC) with PL (SO) = const (Refs. 3,7,8) appears 
doubtful. 

We note that the fast incident electron does not directly 
influence the processes occuring in the atoms after the for- 
mation of the primary vacancy, and no additional ioniza- 
tions takes place, since in the opposite case, the values of 
x,,, , obtained from photoionization and ionization by elec- 
tron impact would not be identical. Consequently, the only 
parameter, affecting P, /PL (SO) and PL (DC) is found to 
be the energy E transferred to the atom by the interaction of 
these particles. 

Our interpretation of the results, obtained from elec- 
tron impact, shown in Figs. 1 and 2, is based on the following 
assumption: If the same energy E l  is transferred to the atom 
by photoionization and electron-impact ionization then the 
probability of ionization of the L-shell with the formation of 
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a vacancy in the K-shell is also identical, i.e., 

Evidently when condition (3) is satisfied, the same relation 
holds as well for P, (DC)/PL (SO). 

Since in photoionization close to the threshold the 
probability PL decreases only when E ,  decreases, then in our 
picture, the decrease in P,, observed in electron impact in 
the range E, > 3EKL is linked with the fact, that an increase 
in the energy of the incident electron causes the energy trans- 
mitted to the atom by the impact to decrease on the average. 
In other words, with an increase in E, in the region 
E,> 3KKL the maximum of the electron distribution as a 
function of the energy transfer shifts toward lower energy. 
This conclusion, which implies that in real experiments with 
E,$EKL the conditions of a sudden perturbation are not 
realized, might be verified by comparison with ( e - , 2 e - ) -  
experiments. 

For convenience in estimating PL (DC)/PL (SO) for 
electron impact we introduce by analogy with a, and up, the 
parameter a, = (El - EK )/E2. Then the conditions in (3) 
are written as 

PL(u,) =PL (a,). (3') 

Condition (3 ' )  permits us to define a, for each value of ener- 
gy of the incident electron, using the experimental depen- 
dence PL (a, ), where to each value of PL corresponds an 
exact value of a,. As a consequence of this the change in PL 
in the range E, > 3EKL associated with electron impact and 
close to the threshold for photoionization are interpreted 
similarly. 

The experimental values of PL,  displayed in Fig. 1 
above the horizontal dashed line correspond to the case 
a, > 4 and the vertical dashed line indicates the correspond- 
ing range of energy of the incident electron. It is possible to 
conclude, that the decrease in PL as a function of E, in the 
range 12 5 E, 5 60 keV, as in the region 4 <a, < 8 for pho- 
toionization, is mainly due to the SO process. At the same 
time, for E,$60 keV it is difficult to distinguish the contri- 
butions of PL (SO) < P, (DC) to PL for the same reasons as 
in the case a, < 4 for photoionization. 

Thus, the experimental results, obtained by photoab- 
sorption,O --decay, and by electron impact, allow us to con- 
clude that the basic mechanism for ionization of the atom in 
all cases appears to be SO, provided only that the energy 
transferred to the atom by the collision is not too small. 

APPENDIX 

Disregarding the statistical of the electron energy losses 
due to nonelastic collisions with atomic targets we can ex- 
press the intensity of a given line of the K-series of the pri- 
mary x-ray spectrum obtained in a thick anode of element z 
in the following form2': 

Bo 

where 

is the cross section for K-shell ionization, and J i s  the average 
ionization potential. 

We introduce Q 2 = const E ,'In (E,, /EK ) in order to 
satisfy the condition 

Eo Eo 

The substitution QK , Q 2 and S in (P,2) yields 

where 
E,  

Equations (A3) and (A4) were solved numerically; the 
functions E$ (EO,EK = const) and E2(E,,EKL = const) 
were calculated for Si, Ti, Cr and other elements in the ener- 
gy interval EK < E, 5 100 keV. 

Thus, the introduction of E,, accounts for the influence 
of electron deceleration in a thick target on the relative in- 
tensity of the lines of the x-ray spectra. Obviously, for a thin 
target (thickness on the order of the electron mean free 
path) E,, -- E,. 

The author expresses his gratitude to the participants of 
the seminar M. Ya. Amus'ya (Physicotechnical Inst. of the 
USSR Acad. Sci.) in which this work was presented, for a 
fruitful discussion, to N. A. Borov and V. F. Surzhko for a 
discussion of the experimental results and to V. E. Fedorov 
for the help with the computer calculations. 

'M. Ya. Amus'ya, The Atomic Photoeffect, Nauka, Moscow ( 1987). 
'V. I. Matveev and E. S. Parilis, Usp. Fiz. Nauk 138, 573 (1982) [Sov. 
Phys. Uspekhi 25, 881 (1982) 1. 

3T. Averg, Ann. Acad. Sci. Fenn. A 6,308 (1969). 
4V. P. Sachenko and V. F. Demekhin, Zh. Eksp. Teor. Fiz. 49,765 ( 1965) 
[Sov. Phys. JETP 22, 532 (1966)]. 

'T. A. Carlson and C. W. Nestor, Phys. Rev. A 8,2887 (1973). 
'A. P. Biryukov, V. V. Timoshevskaya, and V. L. Sukhorukov, D.C. No. 
55 12-82 Abstr. Depos. VINITI ( 1982). 

7W. LOW, H. Genz and A. Richter, Phys. Lett. 100, 130 (1984). 
'A. V. Demyanchuk, A. Z. Zhmudskii, V. F. Surzhko, and V. I. Shiyan- 
ovskii, Metallofiz. 7, 108 ( 1985). 

9E. L. Feinberg, J. Phys. (USSR) 4,423 (1941). 
''A. Migdal, J. Phys. (USSR) 4,449 (1941 ). 
"E. L. Feinberg, Yad. Fiz. 1, 612 (1965). [Sov. J. Nucl. Phys. 1, 438 

(1965)]. 
I2I. S. Batkin, I. V. Kopytin, et al.,  Yad. Fiz. 33,48 (1981) [Sov. J. Nucl. 

Phys. 33,25 (1981)l. 
I3R. H. Intemann, Phys. Rev. A 26, 3012 (1982). 
I4R. H. Intemann, Phys. Rev. A 27, 881 (1983). 
"J. Law and A. Suzuki, Phys. Rev. A 25, 514 (1982). 
IhH. J. Nagy and G. Schupp, Phys. Rev. A 33,2174 (1986). 
I7H. A. Borovol, A. S. Erniyazov, and V. I. Zhmudskii, Opt. and Spectr. 

59, 1327 (1985). [Opt. Spectrosc. (USSR) 59,794 (1988). 
I'M. A. Blokhin and I. G. Shveitser X-ray Spectrum Handbook, Nauka, 

Moscow ( 1982), p. 85. 
I9V. F. Sachenko and E. V. Burtsev, Izv. AN USSR. Ser. Fiz. 1967, H. 31 

p. 985. 
'ON. F. Mott and H. S. W. Massey, The Theory of Atomic Collisions, 3rd 

Ed., Clarendon Press, Oxford ( 1965). 
"5. Law and J. L. Campbell, Phys. Rev. C 12, 984 (1975). 
"T. A. Carlson and C. W. Nestor, Phys. Rev. 169,27 (1968). 
Z3J. Law and J. L. Campbell, Nucl. Phys. A 187, 525 (1972). 
24W. J. Kuhn and B. L. Scott, Phys. Rev. A 34, 1125 ( 1986). 
25P. Duncomb and S. Reed, Physical Basis ofX-ray Analysis (in Russian), 

Mir, Moscow ( 1973), p. 117. 
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